Abstract-We report an indium-free transparent resistive switching random access memory device based on GZO-Ga 2 O 3 -ZnO-Ga 2 O 3 -GZO structure by metal-organic chemical vapor deposition. The memory device shows good transmittance in the visible region and bipolar resistive switching behavior with good cycling characteristics and retention time under room temperature. The conduction and resistive switching mechanism was discussed based on filament theory.
Thus, this letter introduces the fabrication of TRRAM device by utilizing ZnO with different Ga doping concentration to construct the metal-insulator-metal (MIM) thin-film structure. The resistivity of our GZO electrode is about 3 × 10 −4 Ω · cm [4] . The resistive switching characteristic was investigated, and the conduction mechanism was discussed in detail.
II. EXPERIMENTAL DETAIL
All the functional films were fabricated by a homemade metal organic chemical vapor deposition (MOCVD) system without breaking the vacuum. With all layers fabricated by the same MOCVD system, the process is much simplified. Trimethylgallium (TMGa), dimethylzinc (DMZn), and oxygen were used as reaction sources, and nitrogen was employed as the carrier gas for the metal organics. A 200-nm bottom electrode (BE) of GZO was deposited on the glass slide substrate at 300
• C with a chamber pressure of 25 torr. Then, multiple insulative films of Ga 2 O 3 (50 nm)-ZnO (120 nm)-Ga 2 O 3 (50 nm) were subsequently deposited on the BE film at 400
• C with a chamber pressure of 40 torr. Finally, a 200-nm top electrode (TE) array of GZO was deposited with a shadow mask on the insulating layers. The crystal structure of ZnO and GZO was examined by X-ray diffraction (XRD), and the I-V characteristic was also measured.
III. RESULT AND DISCUSSION
The XRD spectrum of the ZnO film and GZO film deposited was shown in Fig. 1(a) . The ZnO film shows a polycrystalline structure with mainly c-axis orientation. With a low doping of Ga and lower growth temperature of 300
• C, the GZO film shows similar diffraction peaks but lower intensity and larger full width at half maximum. The inset shows the transmittance of the device stack. From the photo of the device on the logo, we can see that the device exhibits high transparence. The transmittance is approximately 92% on average in the visible region, excluding the glass substrate. Fig. 1(b) shows the typical bipolar resistive switching characteristics of our TRRAM device. The memory cell was initially highly resistive. When a positive voltage was swept from zero to a critical value of 14 V, the current suddenly increases due to the soft breakdown of the ZnO thin film. Under the protection of compliance current of 20 mA, the device turns from high resistive status (HRS) to low resistive status (LRS). When the voltage sweeps in the opposite direction without the compliance current, an abrupt decrease in current takes place at another critical value of 12 V, and the device turns from LRS back 0741-3106/$26.00 © 2011 IEEE to HRS again. The steady repeating of the aforementioned operation leads to the bistable resistive switching behavior of our device. The variation of voltage as the repeating cycle increases is in an acceptable range, as shown by the 10th and 50th curves.
The resistances of HRS and LRS in 50 switching cycles are shown in Fig. 2(a) to evaluate the reliability of our TRRAM device. Despite the fluctuation of HRS and LRS resistances, the resistance ratio of HRS/LRS is around 10 2 , which is acceptable for practical applications. The retention characteristic was measured to test the nonvolatility of our device. As shown in Fig. 2(b) , both HRS and LRS resistances vary in a very small range without significant decay after 10 5 s, which could be expected to perform highly stable storage. It is worth mentioning that the access time for TRRAM can be slower, compared with Si-based RAM devices, as its target application is in macroelectronics.
As shown in Fig. 3 , the resistances in HRS and LRS are both independent of the device area, which indicates that it is probably local filamentary conduction but not interface Schottky barrier switching that takes place as previous reported [5] . For the filament mechanism, the formation of filamentary paths as a soft breakdown in the dielectric material contributes to the set process, whereas the rupture of these filaments constitutes the reset process. For MIM structure with nonmetal electrode, the eletrochemial migration of oxygen ions is widely regarded as the driving force [6] .
To qualitatively analyze the filament in our device, the XPS spectra of the ZnO film for Zn 2p and O 1s core levels were measured (Fig. 4) . We can see from Fig. 4(a) that the energy interval between Zn 2p 1/2 and 2p 3/2 peaks is 23.0 eV, which indicates that there is no metallic Zn in the film because of the fully oxidization of Zn. However, that does not exclude the existence of oxygen vacancies in the ZnO film. In Fig. 4(b) , the 529.3-eV peak of O 1s is attributed to the O-Zn bonding, whereas the 531.0-eV peak is attributed to the O-H bonding due to the chemisorbed oxygen in the film [7] . This indicates that there is a large amount of nonlattice oxygen ions in the ZnO film, which is responsible for the filament mechanism.
In the initial set process, the positive voltage sweeping drives the positive oxygen vacancies and negative oxygen ions moving to opposite polarities, leading to soft breakdown of dielectric and formation of filament at the interface of the electrode and the insulator. The subsequent breakdown through the whole insulating layer leads to the formation of a complete conductive filament, and the device turns from born HRS to LRS. The hopping of electrons through the filament accounts for the conduction in LRS [6] . In the reset process, the negative voltage sweeping repels the oxygen vacancies and oxygen ions from high and low potentials, respectively, which results in rupture of filament at interface regions and turns the device from LRS to HRS (recovery). Repeating this dynamic process leads to the stable resistive switching controlled by exterior electric signal.
IV. CONCLUSION
In conclusion, a transparent indium-free RRAM device based on GZO-Ga 2 O 3 -ZnO-Ga 2 O 3 -GZO structure has been fabricated by MOCVD. This TRRAM device has shown bipolar switching behavior with good cycle endurance and retention time. Local filamentary conduction probably dominates the resistive switching behavior. The electrochemical migration of oxygen vacancies and oxygen ions in ZnO film mainly accounts for the formation and rupture of filament, which leads to switching between HRS and LRS.
